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Tetherin (CD317/BST-2), an interferon-induced membrane protein, restricts the release of nascent
retroviral particles from infected cell surfaces. While human immunodeficiency virus type 1 (HIV-1)
encodes the accessory gene vpu to overcome the action of tetherin, the lineage of primate lentiviruses that
gave rise to HIV-2 does not. It has been previously reported that the HIV-2 envelope glycoprotein has a
Vpu-like function in promoting virus release. Here we demonstrate that the HIV-2 Rod envelope glyco-
protein (HIV-2 Rod Env) is a tetherin antagonist. Expression of HIV-2 Rod Env, but not that of HIV-1 or
the closely related simian immunodeficiency virus (SIV) SIVmac1A11, counteracts tetherin-mediated
restriction of Vpu-defective HIV-1 in a cell-type-specific manner. This correlates with the ability of the
HIV-2 Rod Env to mediate cell surface downregulation of tetherin. Antagonism requires an endocytic motif
conserved across HIV/SIV lineages in the gp41 cytoplasmic tail, but specificity for tetherin is governed by
extracellular determinants in the mature Env protein. Coimmunoprecipitation studies suggest an inter-
action between HIV-2 Rod Env and tetherin, but unlike studies with Vpu, we found no evidence of tetherin
degradation. In the presence of HIV-2 Rod Env, tetherin localization is restricted to the trans-Golgi
network, suggesting Env-mediated effects on tetherin trafficking sequester it from virus assembly sites on
the plasma membrane. Finally, we recapitulated these observations in HIV-2-infected CD4� T-cell lines,
demonstrating that tetherin antagonism and sequestration occur at physiological levels of Env expression
during virus replication.

Various stages of the replication cycle of primate lentivi-
ruses can be targeted by host antiviral restriction factors (re-
viewed in reference 49). In addition to the well-characterized
antiviral effects of members of the APOBEC3 family of cyti-
dine deaminases, particularly APOBEC3G and -3F, and spe-
cies-specific variants of tripartite motif family 5�, the release of
nascent retroviral particles has recently been shown to be a
target for a novel restriction factor, tetherin (CD317/bone mar-
row stromal cell antigen 2 [BST-2]) (31, 46). Tetherin is an
interferon-inducible gene that was originally shown to impart a
restriction on the release of mutants of human immunodefi-
ciency virus type 1 (HIV-1) that lack a vpu gene (31, 46). In
tetherin-positive cells, mature Vpu-defective HIV-1 particles
are retained on the cell surface, linked to the plasma mem-
brane (PM) and each other via protease-sensitive tethers, and
can be subsequently endocytosed and accumulate in late en-
dosomes (30, 31). Tetherin is not HIV specific and restricts the
release of virus-like particles derived from all retroviruses
tested (18), as well as those of filoviruses and arenaviruses (18,
19, 39).

Tetherin is a small (181-amino-acid) type II membrane
protein with an unusual topology that exists mainly as a
disulfide-linked dimer (34). It consists of an N-terminal cy-
toplasmic tail, a transmembrane anchor, an extracellular
domain that includes three cysteine residues important for
dimerization, a putative coiled-coil, and finally a glycophos-

phatidyinosityl-linked lipid anchor (22) that is essential for
restriction (31). Tetherin localizes to retroviral assembly sites
on the PM (18, 31), and this unusual structure is highly sug-
gestive that tetherin restricts virion release by incorporation
into the viral membrane and cross-linking virions to cells. Such
a mechanism would make tetherin a powerful antiviral effector
that can target an obligate part of most, if not all, enveloped
virus assembly strategies. Moreover, since tetherin restriction
has no specific requirement for virus protein sequences, to
avoid its action, mammalian viruses have evolved to encode
several distinct countermeasures that specifically inhibit teth-
erin’s antiviral function.

The Vpu accessory protein antagonizes tetherin-mediated
restriction of HIV-1 (31, 46). In the presence of Vpu, tetherin
is downregulated from the cell surface (2, 46) and is targeted
for degradation (10, 13, 14), although whether these processes
are required for antagonism of tetherin function is unclear
(27). HIV-1 Vpu displays a distinct species specificity in that it
is unable to target tetherin orthologues from rhesus macaques
or African green monkeys (14, 25). This differential sensitivity
maps to the tetherin transmembrane domain, particularly res-
idues that are predicted to have been under high positive
selection pressure during primate evolution (14, 16, 25). This
suggests that tetherin evolution may have been driven in part
by viral countermeasures like Vpu. Vpu, however, is only en-
coded by HIV-1 and its direct simian immunodeficiency virus
(SIV) lineage precursors. The majority of SIVs, including the
SIVsm, the progenitor of both HIV-2 and SIVmac, do not
encode a Vpu protein (21). In some of these SIVs, tetherin
antagonism was recently shown to map to the nef gene (16, 51).
SIV Nef proteins, however, are generally ineffective against
human tetherin because they target a (G/D)DIWK motif that
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was deleted from the human tetherin cytoplasmic tail some-
time after the divergence of humans and chimpanzees (51).
This raises the question of how HIV-2 is able to overcome
human tetherin, as recent data show chronically HIV-2-in-
fected CEM T cells have reduced tetherin levels on their sur-
face (10).

Interestingly, it has long been known that the envelope gly-
coprotein of certain HIV-2 isolates can stimulate the release of
Vpu-defective HIV-1 virions from cells we now know to be
tetherin positive (5, 6, 43). HIV and SIV Envs form trimeric
spikes of dimers of the surface subunit (SU-gp105 in HIV-2/
SIVmac and gp120 in HIV-1) that bind CD4 and the chemo-
kine coreceptor and gp41 (the transmembrane [TM] subunit
that facilitates fusion with and entry into the target cell).
Envelope precursors (gp140 or gp160) are synthesized in the
endoplasmic reticulum, where they become glycosylated and
are exported to the surface via the secretory pathway (8).
During transit through the Golgi apparatus and possibly in
endosomal compartments, the immature precursors are
cleaved by furin-like proteases to form mature spikes (15, 29).
Multiple endocytosis motifs in the gp41 cytoplasmic tail lead to
only minor quantities of Env being exposed at the cell surface
at any given time (7, 40). Recent data demonstrated that the
conserved GYxx� motif, a binding site for the clathrin adaptor
protein AP-2 (3), in the membrane-proximal region of HIV-2
gp41 is required to promote Vpu-defective HIV-1 release from
HeLa cells (1, 32). Based on experiments with HIV-1/HIV-2
chimeric envelopes, an additional requirement in the extracel-
lular component was suggested (1). In this study we set out to
examine the Vpu-like activity of HIV-2 envelope in light of the
discovery of tetherin. We demonstrate that the HIV-2 Env is a
tetherin antagonist, and we provide mechanistic insight into
the basis of this antagonism.

MATERIALS AND METHODS

Cells and plasmids. All adherent cells were maintained in Dulbecco’s modi-
fied Eagle medium (Invitrogen, United Kingdom) supplemented with 10% fetal
calf serum and penicillin-streptomycin; T-cell lines were grown in Roswell Park
Memorial Institute medium supplemented with 10% fetal calf serum and peni-
cillin-streptomycin. HEK293T, HeLa, HT1080, and Jurkat cells were obtained
from the ATCC. HT1080/THN-HA and 293T/THN-HA are clonal cell lines
stably expressing human tetherin with a hemagglutinin (HA) epitope tag inserted
at nucleotide 463 in the context of the retroviral vector pLHCX (Clontech) (25).
HeLa-TZM, an indicator cell line for HIV/SIV infection that expresses CD4 and
CCR5 and carries an HIV-1 long terminal repeat (LTR)-driven �-galactosidase
reporter gene, was obtained from the NIH AIDS Research and Reference
Reagent Program (ARRP). CEM-G37 cells that express green fluorescent pro-
tein (GFP) under the control of an HIV-1 LTR were kindly provided by A.
Vyakarnam, King’s College London, London, United Kingdom.

Wild-type HIV-1 NL4.3 and a Vpu-defective counterpart have been described
previously (30). Envelope-defective clones were derived by filling and ligating a
unique NheI site in the envelope reading frame. The HIV-2 molecular clone
pRod10 was obtained from the Centre for AIDS Research (NIBSC, Potters Bar,
United Kingdom), and the SIVmac1A11 (24) clone was obtained from the
ARRP, NIAID, NIH. The HIV-2 RodA Env cDNA was kindly provided by A.
McKnight (45). Envelope expression vectors of the HIV-2 RodA envelope,
Rod10 envelope, NL4.3 envelope, and SIVmac1A11 envelope and mutants/
chimeras thereof created by overlapping PCR were constructed by cloning Env
PCR products as EcoRI-NotI (HIV-1/HIV-2 Env) or NotI (SIVmac) fragments
into pCRV1-delVpu (kindly provided by P. Bieniasz), an HIV-based expression
vector (50). An internal ribosome entry site (IRES)-GFP derived from pMigR1-
GFP was cloned downstream of the Env protein in some vectors for cell surface
downregulation assays. For delivery by retroviral transduction, envelopes were
cloned into pMigR1-IRES-puro, kindly provided M. Malim.

Production of viral and vector stocks. Subconfluent 293T cells were trans-
fected using polyethylenimine (1 mg/ml; Polysciences GmBH, Germany). For
retroviral vectors encoding primate tetherins or HIV-2 Envs, cells were trans-
fected with a 5:5:1 ratio of the vector plasmid, pMLV-GagPol, and pCMV-
VSV-G, and supernatants were harvested 48 h posttransfection and used to
transduce target HT1080 or HT1080/THN-HA cells. For full-length G-pro-
tein of vesicular stomatitis virus (VSV-G)-pseudotyped HIV-1, HIV-2, and
SIVmac1A11 stocks, 293T cells were transfected with 2 �g of proviral plasmid
and 200 ng of pCMV-VSV-G. Forty-eight hours later, viral stocks were harvested
and endpoint titers were determined on HeLa-TZM. Two days after infection
the cells were fixed, stained for �-galactosidase activity using 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (Sigma, United Kingdom), and foci were enu-
merated to calculate infectious units/ml.

Viral release assays. For transient-transfection-based virus release assays,
subconfluent HeLa or 293T cells were transfected with 500 ng of proviral clone,
100 ng of Vpu/Env expression vector, 25 ng of pCMV-VSVG if required, and for
293T-based assays increasing doses of pCR3.1-tetherin, using Lipofectamine
2000 (Invitrogen, United Kingdom). At 5 h posttransfection the medium was
replaced and the cells were cultured for 2 days. Viral supernatants were filtered
(0.22 �m) and, for infectious release assays, used to infect HeLa-TZM cells,
which were then assayed for relative �-galactosidase activity by using a chemi-
luminescence Tropix GalactoStar kit (Applied Biosystems) 48 h later. For bio-
chemical analyses, virions were pelleted through 20% sucrose in a benchtop
microcentrifuge and lysed in sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) loading buffer. Cell and virion lysates were then subjected
to SDS-PAGE, and Western blot assays were performed for HIV-1 p24CA
(monoclonal antibody 183-H12-5C; kindly provided by K. Werhly and B.
Cheseboro through the ARRP, NIAID, NIH) or HIV-2/SIVmac p26/p27CA
(ARP3601; NIBSC, Potters Bar, United Kingdom) or rabbit anti-Hsp90 (Santa
Cruz Biotechnology) as a loading control. Blots were visualized with a Licor
apparatus and using anti-mouse 680 and anti-rabbit 700 secondary antibodies.

For single-round virus replication assays, HeLa cells were plated at 105 cells
per well of a 12-well dish. The cells were then infected with VSV-G-pseudotyped
HIV-1, HIV-2, or SIVmac1A11 stocks at a multiplicity of infection (MOI) of 0.2
as standardized on HeLa-TZM. The cells were washed and the medium was
replaced 24 h after infection. Cell lysates and viral supernatants were then
harvested the following day and processed as described above. For examining
tetherin degradation HT1080/THN-HA cells were treated similarly except that
the input inoculum was an MOI of 2 to ensure approximately 90% cell infection,
and cell lysates were blotted for tetherin-HA using a rabbit anti-HA polyclonal
antibody (Rockwell Biosciences) and analyzed by using a Licor apparatus. For
virus release from Jurkat cells, 3 � 105 cells were infected with VSV-G-
pseudotyped HIV-2 Rod10 or corresponding envelope mutants were infected at
an MOI of 0.2. Forty-eight hours later cell lysates and virions supernatants were
harvested and processed as described above.

siRNA-mediated tetherin knockdown. HeLa cells (50% confluent) seeded in
six-well plates were transfected with the small interfering RNA (siRNA) oligo-
nucleotide SmartPool against human tetherin or a control nontargeting pool
(Dharmacon) using Oligofectamine (Invitrogen) in Opti-MEM I (Invitrogen) as
per the manufacturer’s instructions. The following day, the cells were infected
with the different viruses described above at an MOI of 0.2. Five hours later, the
inoculum was removed and a second transfection with siRNA was performed. At
48 h after infection, cell lysates and viral particles from the supernatant were
collected as previously described for virus release Western blot analysis.

Immunoprecipitation. HeLa cells transfected 48 h previously with pCR3.1-
tetherin-HA and either empty vector or pCRV1-RodA Env, pCRV1-RodA CS-
Env, or pCRV1 NL4.3 Env were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, Complete
protease inhibitors [Roche]) and sonicated. Lysates were incubated with mono-
clonal mouse anti-HA.11 antibody (Covance, Cambridge Bioscience, United
Kingdom) for 1 h at 4°C. Sepharose-protein G beads (Invitrogen, United King-
dom) were added, and samples were incubated overnight at 4°C with shaking.
Samples were washed four times in RIPA buffer and were resuspended in 2�
loading buffer and subjected to SDS-PAGE. Proteins were analyzed by Western
blotting with either rabbit antiserum to HIV-2 gp105 (ARP418; Center For
AIDS Reagents, NIBSC, Potter’s Bar, United Kingdom) or HIV-1 gp120 (pro-
vided by M. Malim) or with anti-HA antibodies.

Flow cytometry. Six-well dishes of HeLa cells or 293T/THN-HA cells were
transfected with 1 �g of pCRV1-envelope/Vpu-IRES-GFP vectors using Lipo-
fectamine. At 48 h after transfection the cells were harvested in phosphate-
buffered saline (PBS)–5 mM EDTA and stained for surface tetherin using either
an anti-human BST-2 monoclonal antibody (Abnova) or anti-HA monoclonal
antibody and a secondary goat anti-mouse Alexa 633 antibody (Molecular
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Probes). Cells were then analyzed using a FACSCalibur flow cytometer (Beckton
Dickinson) and CellQuest software. For CEM-G37, cells were stained for surface
tetherin 48 h postinfection, and the GFP� cell population was analyzed and
compared to tetherin expression on uninfected control cells.

Confocal microsocopy. HeLa cells or 293T/THN-HA cells transiently trans-
fected or HT1080/THN-HA cells retrovirally transduced and selected in puro-
mycin (2 �g/ml), with HIV/SIV envelope expression vectors, were grown on glass
coverslips overnight. The cells were then fixed in 4% paraformaldehyde–PBS,
quenched in 10 mM glycine–PBS, and permeabilized for 10 min in PBS–1%
bovine serum albumin–0.1% Triton X-100. The cells were then stained for
tetherin (either mouse anti-human BST-2 polyclonal antibody [Abnova] or
mouse anti-HA.11 [Covance]), rabbit anti-HIV-2/HIV-1/SIVmac envelope, and
if required, sheep-anti-human TGN46 (Serotec), followed by secondary goat or
donkey anti-primary antibodies conjugated to Alexa 488, 594, or 633 (Molecular
Probes, Invitrogen, United Kingdom), and mounted on slides using AntiFade–
4�,6-diamidino-2-phenylindole (DAPI) mounting solution (Molecular Probes,
Invitrogen, United Kingdom). Cells were then visualized with a Leica DM-IRE2
confocal microscope. For imaging infected T cells, Jurkat cells were infected with
VSV-G-pseudotyped viral stocks at an MOI of 1. Forty-eight hours later the
infected cells were allowed to adhere to polylysine-coated coverslips for 2 h,
fixed, and processed as above.

RESULTS

Cell-type-specific antagonism of tetherin by HIV-2 Env.
Since the HIV-2 Env has been reported to have a Vpu-like
function, we first sought to demonstrate that it was capable of
rescuing the release of Vpu-defective HIV-1 from tetherin
restriction. Human 293T cells, which lack constitutive tetherin
expression (31, 46), were transfected with HIV-1 NL4.3 Env�

[HIV-1 (E-)] or HIV-1 NL4.3 Env� Vpu� [HIV-1 (Vpu-E-)]
proviruses in the presence of increasing plasmid doses of a
human tetherin expression vector, with either an expression
vector encoding the HIV-2 RodA Env (45) or HIV-1 Vpu.
Twenty-five nanograms of a VSV-G-encoding plasmid was
added to each transfection mixture to allow the titration of the
produced viruses on HeLa-TZM indicator cells. At 48 h after
transfection, cell lysates and viral supernatants were harvested
and prepared for Western blotting and/or titrated on HeLa-

FIG. 1. Cell-type-dependent antagonism of tetherin restriction by the HIV-2 RodA envelope. (A) 293T cells were transfected with envelope-
defective HIV-1 (E-) or a Vpu-defective counterpart, HIV-1 (Vpu-E-) molecular clones, in the presence of HIV-2 RodA Env or HIV-1 Vpu
expression vectors and increasing doses of a human tetherin expression vector and pseudotyped with VSV-G. Supernatants were harvested 48 h
later and used to infect HeLa-TZM indicator cells. Infectious virus release is plotted as �-galactosidase activity in relative light units (RLU) based
on a commercial chemiluminescence assay. Error bars represent standard deviations of the means of three independent experiments. (B) Cell
lysates of 293T cells in panel A and virions pelleted from the corresponding supernatants were subjected to SDS-PAGE and Western blotting for
HIV-1 Gag or cellular Hsp90 and revealed by Licor fluorescent secondary antibodies. (C) A similar experiment as that in panel A was performed
in HeLa cells, which express tetherin endogenously. In this case expression constructs for the HIV-1 NL4.3 Env and SIVmac1A11 Env were also
used. Error bars represent standard deviations of the means of three independent experiments. (D) Western blots corresponding to results in panel
C for HIV-1 p24-CA and HIV-2 Env gp140/105 (in cell lysates).
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TZM. As expected (31), despite having no effect on viral gene
expression, increasing levels of tetherin selectively restricted
the release of the Vpu� virus, at both the level of infectious
virus release (Fig. 1A) and physical particle yield as measured
by p24-CA Western blotting of sucrose-pelleted virions (Fig.
1B). Furthermore, expression of Vpu in trans fully restored
HIV-1 (Vpu-E-) virus production to wild-type levels. To our
surprise, however, expression of HIV-2 RodA Env was unable
to rescue Vpu-defective virus release, even at the lowest inputs
of tetherin plasmid. We therefore reexamined the effects of
HIV-2 RodA Env in HeLa cells that were constitutively teth-
erin positive. Again, as expected, Vpu-defective HIV-1 release
was restricted 20-fold compared to the wild-type virus, and this
was rescued by Vpu expression in trans (Fig. 1C and D). By
contrast to 293T cells, however, expression of HIV-2 RodA
Env was also capable of rescuing HIV-1 (Vpu�) to wild-type
levels, in terms of both virus infectivity and physical particle
yield. This effect was specific to HIV-2 RodA Env, as ex-
pression of either the HIV-1 NL4.3 Env or the related
SIVmac1A11 envelope failed to similarly rescue HIV-1 (Vpu-
E-) release (Fig. 1C and D). Thus, we could confirm that the
HIV-2 RodA Env has an intrinsic Vpu-like activity in promot-
ing virus release. Therefore, the HIV-2 RodA Env, but not a
related SIVmac nor an HIV-1 Env, was capable of antagoniz-
ing tetherin in HeLa cells. Unlike Vpu-mediated tetherin an-
tagonism, the HIV-2 RodA Env displays a degree of cell type
specificity, suggesting mechanistic differences between the two
proteins’ modes of action.

Expression of HIV-2 Env leads to downregulation of cell
surface tetherin levels. Expression of Vpu has been previously
shown to lead to cell surface downregulation of tetherin levels
(26, 46). To examine whether this was similar for HIV-2 RodA
Env, we constructed expression vectors in which HIV-2 RodA
Env and mutants thereof, SIVmac1A11, HIV-1 NL4.3 Env,
and Vpu open reading frames, were linked to an enhanced
GFP gene via a downstream IRES. HeLa cells were trans-

fected with these constructs and analyzed 48 h later for surface
tetherin expression by flow cytometry using a monoclonal an-
tibody specific for human tetherin. Expression of GFP alone
had no effect on tetherin surface levels, whereas Vpu expres-
sion led to a profound downregulation of tetherin expression in
the GFP� population (Fig. 2A). HIV-2 RodA Env� expression
also led to cell surface downregulation of tetherin. While this
downregulation was clearly less efficient than that induced by
Vpu, the effect was specific, since neither SIVmac1A11 nor
HIV-1 Env expression could mediate any difference in tetherin
levels. We also examined the ability of HIV-2 RodA Env to
downregulate tetherin from 293T cells stably expressing a teth-
erin molecule with an HA tag embedded in its extracellular
domain (Fig. 2B). In this case little downregulation was ob-
served, consistent with a defect in antagonism of tetherin in
these cells. Thus, like Vpu, HIV-2 RodA Env is capable of
lowering cell surface levels of tetherin in cells where it can
antagonize its antiviral function.

Antagonism and downregulation of tetherin requires both
the conserved GYxx� endocytosis signal in the cytoplasmic tail
of gp41 and a specificity determinant in the extracellular do-
main of the mature Env protein. Previous studies have shown
that the majority of the cytoplasmic tail of HIV-2 gp41 is
dispensable for its Vpu-like function, but a membrane-proxi-
mal GYxx� located 8 amino acids from the transmembrane
domain plays a role in promoting virus release (1). This motif,
a binding site for the clathrin adaptor protein AP-2 (32), is a
major determinant of HIV/SIV envelope endocytosis (40).
However, it has also been suggested that extracellular domains
of Env contribute to the enhanced release of virions from
HeLa cells (1). Since we had two related envelopes (HIV-2
RodA and SIVmac1A11) with different abilities to counteract
tetherin-mediated restriction and promote its cell surface
downregulation, we constructed several mutants and chimeric
envelopes to examine the determinants of tetherin antagonism
by HIV-2 Env (Fig. 3A). We first made an inactivating muta-

FIG. 2. HIV-2 RodA Env expression mediates cell surface tetherin downregulation in HeLa cells. HeLa (A) or 293T/THN-HA (B) cells were
transfected with a control empty vector (EV) or vectors encoding the indicated viral proteins linked to enhanced GFP via an IRES. At 48 h
posttransfection the cells were stained for cell surface tetherin levels with a monoclonal anti-BST-2 antibody (A) or a monoclonal anti-HA
(B) antibody and then a secondary goat-anti-mouse Alexa 633 antibody. The cells were then analyzed by flow cytometry. Median fluorescence
intensities are indicated for the boxed regions.
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tion in the GYxx� motif (GY 719/720 AA). As expected, de-
spite equivalent expression levels, this mutant envelope was
compromised in its abilities to pseudotype Env� HIV-1 (Fig.
3B and data not shown), consistent with published data con-
cerning the requirements for this endocytic motif in the Env
CT-Gag interactions that effect particle infectivity (48). The
GY-AA mutant was defective in its ability to rescue HIV-1
(Vpu-E-) from HeLa cells (Fig. 3B). Furthermore, in contrast
to the wild-type Env, HIV-2 RodA Env GY-AA was also
unable to mediate cell surface downregulation of tetherin (Fig.
3C). The membrane-proximal GYxx� is highly conserved in the
envelopes of primate immunodeficiency viruses (23), including

both HIV-1 NL4.3 and SIVmac1A11, which were shown above
to have no Vpu-like function. In addition, given the overlap of
the nef open reading frame with downstream gp41 sequences,
we silently mutated the nef start codon (Nef-delATG) to en-
sure that no effect we were observing could be attributed to
expression of N-terminal Nef fragments from our constructs
(Fig. 3B). Thus, the GYxx� endocytic motif is essential for the
ability of the HIV-2 RodA Env to antagonize tetherin and for
cell surface downregulation but does not in itself confer spec-
ificity for human tetherin.

We then asked whether correct envelope cleavage was re-
quired for tetherin antagonism, since recent evidence shows

FIG. 3. Determinants of tetherin antagonism in HIV-2 Env. (A) HIV-2 RodA Env constructs were made with inactivating mutations in the
GYxx� motif (GY 719/720 AA): RodA GY-AA, disruption of the SU-TM cleavage site RTHR, RodA-CS-, and a chimeric envelope in which the
RodA and SIVmac1A11 Envs were fused at a conserved NcoI site in the extracellular gp41 coding sequence (Rod-NcoI-Mac). (B) The ability of
these Envs to promote Vpu� virus release from HeLa cells was tested as described for Fig. 1, and Western blot assays were performed on cell
lysates and virions for HIV-1 p24-CA and HIV-2 Env. Numbers represent the fold increase in virus release (p24 band intensity) compared to the
Vpu-defective control. (C) HeLa cells were transfected with Env mutant and chimera IRES-GFP constructs, and cell surface staining for tetherin
was analyzed by flow cytometry and compared to that for the control empty vector (EV) or wt RodA Env (reproduced from Fig. 2). Median
fluorescence intensities are indicated for the boxed regions.
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that Ebola virus G protein tetherin antagonism is unaffected by
inhibiting its proteolytic maturation (19). We therefore mu-
tated the furin-like cleavage site (RHTR) at the gp105/gp41
junction (Fig. 3A) and found that gp140 was not processed in
transfected HeLa cells, nor could it functionally pseudotype
Env� HIV-1 (data not shown). In contrast to the Ebola virus G
protein, however, mutation of the cleavage site completely
abolished the ability of HIV-2 RodA Env to antagonize teth-
erin restriction in HeLa cells (Fig. 3B) and downregulate teth-
erin surface levels (Fig. 3C). Thus, to antagonize tetherin, the
HIV-2 RodA Env must be able to be processed correctly into
mature envelope trimers. This suggested to us that extracellu-
lar motifs in HIV-2 RodA Env may play a role in tetherin
specificity.

The SIVmac1A11 envelope has a truncated gp41 (gp36)
cytoplasmic tail, stopping 9 amino acids after the GYxx� motif
(24). To determine where specificity for tetherin lies in HIV-2
RodA Env, we constructed a Rod-Mac chimeric envelope by
fusing the N-terminal HIV-2 Rod Env and the C-terminal
SIVmac1A11 Env at a conserved NcoI site within the coding
sequence of the C-terminal heptad repeat in the extracellular
fusion mechanism of gp41/gp36. This chimera was expressed as
a functional envelope and could both partially rescue HIV-1
(Vpu-E-) particle release form HeLa cells and mediate cell
surface tetherin downregulation (Fig. 3B and C). Thus, the TM
domain and GYxx� motif of SIVmac1A11 Env were capable of
substituting for those in the RodA Env in tetherin antagonism
and cell surface downregulation, thereby implicating extracel-
lular parts of the mature HIV-2 Env in determining tetherin
specificity.

The envelope is responsible for HIV-2 evasion of tetherin in
HeLa cells. We then sought to demonstrate that our observa-
tions of the requirements for HIV-2 Rod Env to rescue HIV-1
(Vpu-E-) in trans were similarly required in the context of a
full-length HIV-2 molecular clone to avoid tetherin restriction.
The HIV-2 Rod10 molecular clone was therefore modified to
bear the GY-AA mutation in the gp41 cytoplasmic tail. VSV-
G-pseudotyped stocks were produced and used to infect HeLa
cells at a multiplicity of infection of 0.2. Forty-eight hours later
the viral supernatants were harvested, and cell lysates and
virions were analyzed by Western blotting for capsid proteins
using an anti-SIVmac p27-CA antibody. HIV-2 Rod10 (GY-
AA) virion release from HeLa cells was impaired compared to
the wild-type virus (Fig. 4A). This was reflected by a concom-
itant increase of mature p26-CA in cell lysates, which can often
be seen in tetherin-induced virus retention (30). Interestingly,
the GY-AA particle release was similar to that released from
SIVmac1A11-infected cells, whose envelope cannot antago-
nize tetherin in trans. We then showed that RNA interference
depletion of tetherin, but not a control siRNA oligonucleotide
pool, from HeLa cells infected with HIV-2 Rod10 (GY-AA)
was sufficient to restore virus release to wild-type levels (Fig.
4B). Thus, HIV-2 Rod Env antagonizes human tetherin in the
context of the wild-type virus, and the requirement for the
GYxx� endocytic motif is functionally relevant. Moreover,
these data demonstrate Env is the major determinant of HIV-2
Rod10 resistance to tetherin.

Coimmunoprecipitation of HIV-2 Env with tetherin. To ex-
amine some of the mechanistic processes that might underlie
the antagonism of tetherin by HIV-2 RodA Env, we first

sought to determine if tetherin and HIV-2 RodA Env physi-
cally interact in HeLa cells. HeLa cells were transfected with a
human tetherin expression vector where the tetherin bears an
HA tag embedded within its extracellular domain, C-terminal
to the predicted coiled-coil (18). The cells were also cotrans-
fected with empty vector, HIV-2 RodA Env, or HIV-1 NL4.3
Env. After 48 h the cells were lysed and tetherin immunopre-
cipitated with an anti-HA monoclonal antibody. Immunopre-
cipitates were then blotted for either HIV-2 or HIV-1 Env
(Fig. 5). Despite equivalent expression levels, immunoprecipi-
tation of tetherin-HA led to selective pulldown of the HIV-2
Env protein but not the HIV-1 Env, suggesting that tetherin
and HIV-2 Env can directly or indirectly interact in cells where
it can antagonize tetherin activity. Since the cleavage mutant of
the HIV-2 envelope was unable to antagonize tetherin, we also
determined whether it too could coimmunoprecipitate. Inter-
estingly, the HIV-2 RodA CS- Env retained the ability to
coprecipitate with tetherin, suggesting that while RodA Env
specifically interacts with tetherin, proper envelope processing
is required for subsequent antagonism of its antiviral activity,
and therefore interaction between Env and tetherin is insuffi-
cient to explain antgonism.

Tetherin is degraded in HIV-1-infected but not HIV-2-in-
fected cells. Since Vpu expression can lead to either a endoly-
sozomal (10) or proteasomal (13) degradation of tetherin in
infected cells, we next asked whether HIV-2-infected cells
showed any evidence of tetherin degradation. HIV-1 or HIV-2
stocks pseudotyped with VSV-G were used to infect HT1080/
THN-HA cells, which stably express a human tetherin bearing
an HA tag C-terminal to the extracellular coiled-coil domain
(18), at an MOI of 2, and 48 h later cell lysates were analyzed
for tetherin expression (Fig. 6). As expected in cells infected
with HIV-1 (wild type [wt]), tetherin immunoreactivity was
substantially diminished compared to uninfected cells. By con-
trast, HT1080/THN-HA cells infected with high-MOI doses of

FIG. 4. Effects of Env on tetherin-mediated particle release of
HIV-2 Rod10 virions. (A) HeLa cells were infected with VSV-G-
pseudotyped HIV-2 Rod10, HIV-2 Rod10 (GY-AA), or SIVmac1A11
at an MOI of 0.2 as standardized on HeLa-TZM. Forty-eight hours
later virions and cell lysates were analyzed by Western blotting for
HIV-2/SIVmac p26/p27 CA. (B) HeLa cells were treated with siRNA
oligonucleotides directed at human tetherin or a control pool and then
infected with VSV-G-pseudotyped HIV-2 Rod10 and HIV-2 Rod10
(GY-AA) and processed as described for panel A.
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HIV-2 (wt) or HIV-2 Rod10 (CS-), HIV-2 Rod10 (GY-AA),
or SIVmac1A11 showed no reduction in total cellular content
of tetherin. Cells infected with HIV-1 (Vpu-) showed a 1.5-fold
increase in tetherin levels, perhaps reflecting accumulation of
tetherin in the dramatic sheets of tethered particles seen in
these cells (31). Thus, while HIV-2 Env downregulates tetherin
levels from the cell surface, in contrast to Vpu, this does not
appear to be accompanied by substantial degradation of teth-
erin in cell lysates.

HIV-2 Env induces accumulation of tetherin in the trans-
Golgi network. Since we could observe no apparent degrada-
tion of tetherin despite cell surface downregulation, we hy-
pothesized that HIV-2 Env might mediate sequestration of
tetherin in intracellular compartments. We therefore exam-
ined the effects of HIV-2 Env on tetherin localization. In HeLa
cells, tetherin localizes to multiple peripheral membrane com-
partments in addition to the PM (Fig. 7A). Upon expression of
the HIV-2 RodA Env, tetherin immunoreactivity was redistri-
buted from the periphery and the PM to perinuclear compart-
ments that stained positive for Env (Fig. 7B). Such a relocal-
ization of tetherin was not observed in the presence of either
GY-AA or CS- mutants of RodA Env, nor was it seen when the
HIV-1 NL4.3 of SIVmac1A11 Envs were expressed (Fig. 7B).
A similar result was observed in HT1080/THN-HA cells (Fig.
7C). Here tetherin localizes more prominently to the PM.

When the HIV-2 RodA envelope was expressed in these cells
by retroviral transduction, cell surface tetherin was again re-
duced but, consistent with the lack of degradation observed in
these cells (Fig. 6), it was still readily observable in the perinu-
clear area, where it colocalized with HIV-2 Env. By contrast,
and in line with our observations that 293T cells do not support
HIV-2 RodA Env-mediated tetherin antagonism, we did not
observe any obvious relocalization of tetherin from the cell
surface of 293T/THN-HA cells (Fig. 7D). Thus, the ability of
HIV-2 RodA Env to antagonize tetherin function appeared to
be related to an induction of intracellular accumulation of
tetherin.

Since tetherin was originally identified as a marker of the
TGN (22), we next examined whether these perinuclear accu-
mulations of tetherin and HIV-2 Env localized to this com-
partment. Costaining the cells for the TGN marker TGN46
revealed that this was indeed the case (Fig. 8). While little or
no tetherin could be seen at the PM of HIV-2 RodA Env-
expressing cells, both proteins localized predominantly to
TGN46-positive compartments. By contrast, the HIV-2 RodA
GY-AA mutant appeared more reticular in these cells than
wild-type protein and failed to affect this change in tetherin

FIG. 5. Coimmunoprecipitation of HIV-2 RodA Env with tetherin.
HeLa cells were transfected with the indicated plasmid vectors with
empty vector (EV) or yellow fluorescent protein (YFP) vector replac-
ing Env or tetherin-HA, respectively, as negative controls. Forty-eight
hours later, tetherin was immunoprecipitated (IP) from cell lysates and
subjected to SDS-PAGE. Total lysates and immunoprecipitates were
then Western blotted for tetherin-HA and HIV-2 or HIV-1 Env. HC
and LC signify the heavy and light chains of the immunoprecipitating
antibody, respectively.

FIG. 6. Tetherin is not degraded in HIV-2-infected cells. HT1080
cells stably expressing tetherin-HA (HT/THN-HA) were infected with
VSV-G-pseudotyped HIV-1 (wt), HIV-1 (Vpu-), HIV-2 (wt), HIV-2
(GY-AA), HIV-2 (CS-), or SIVmac1A11 at an MOI of 2 as standard-
ized on HeLa-TZM cells to ensure approximately 90% of the cells
were infected. At 48 h after infection total cell lysates were subjected
to SDS-PAGE and Western blotted for tetherin-HA, HIV-1/HIV-2
CA, and Hsp90. Corresponding tetherin band intensities were cor-
rected for Hsp90 levels and plotted as a percentage of tetherin-HA
levels relative to the uninfected cells. Error bars represent standard
deviations of three independent experiments. AU, arbitrary units.
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localization. Similarly, the HIV-2 Rod Env cleavage site mu-
tation also failed to relocalize tetherin from the PM, despite
localizing similarly to the wild-type protein. Taken together
with the lack of tetherin degradation induced by HIV-2 in
cell lysates and the coimmunoprecipitation of tetherin with
HIV-2 Env, these microscopy studies strongly suggest that
the HIV-2 envelope protein promotes the sequestration of
tetherin in the TGN, preventing tetherin’s recycling and/or

trafficking to the PM, and that this subcellular relocalization
correlates with the antagonism of tetherin function.

Antagonism of tetherin by HIV-2 in CD4� T cells. All the
preceding studies of HIV-2 Env-mediated tetherin antagonism
were performed in adherent tumor cell lines. We therefore
tested whether our observations were reproducible in more
relevant cellular targets, namely, CD4� T-cell lines. Jurkat T
cells, which express tetherin (31), were infected with VSV-G-

FIG. 7. Localization of tetherin in HeLa, HT1080, and 293T cells in response to envelope expression. (A) Localization of tetherin in HeLa cells
stained with a mouse polyclonal anti-human BST-2 antibody (green). (B) Effects of envelope expression on endogenous tetherin localization in
HeLa cells. Cells were transfected with the indicated envelope and 24 h later fixed and stained for tetherin (green) and envelope (red).
(C) Tetherin-HA localization in HT1080/THN-HA cells expressing HIV-2 RodA Env introduced by retroviral vector transduction. Tetherin was
stained with anti-HA (green) and envelope was costained (red). (D) 293T-THN/HA cells transfected with HIV-2 RodA Env were stained as
described above. Nuclei were counterstained with DAPI (blue).
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pseudotyped wild-type HIV-2 Rod10, HIV-2 Rod10 (GY-
AA), or HIV-2 Rod10 (CS-) at an MOI of 0.2. Forty-eight
hours later viral supernatants and cell lysates were analyzed by
Western blotting as described above (Fig. 9A). Both GY-AA
and CS- mutants released 5- to 10-fold fewer particles into the
supernatant and displayed a concomitant increase in cell-asso-
ciated mature p26-CA, indicating their release was inhibited in
a manner consistent with tetherin-mediated restriction.

To examine the effect of viral infection on surface levels of
tetherin in CD4� T cells, we infected CEM-G37 with VSV-G
pseudotypes of HIV-1 NL4.3 or HIV-2 Rod10 and mutants
thereof. These cells encode GFP under the control of an
HIV-1 LTR promoter, and thus cells fluoresce when infected.
At 48 h after infection, the cells were stained for surface
tetherin expression and analyzed by flow cytometry (Fig. 9B).
As expected GFP-positive cells infected with wild-type HIV-1,
but not HIV-1 (Vpu-), had strongly downregulated surface
tetherin. HIV-2 Rod10-infected cells also had similarly re-
duced tetherin expression levels. By contrast cells infected with
either HIV-2 Rod10 (GY-AA) or HIV-2 Rod10 (CS-) dis-
played only a minor reduction in tetherin surface levels (less
than a twofold decrease in median fluorescence intensities).
Thus, tetherin is downregulated by HIV-1 Vpu and HIV-2

FIG. 8. HIV-2 Env induces tetherin sequestration in the trans-
Golgi network. HT1080/THN-HA cells expressing HIV-2 RodA Env
or the indicated mutant were stained for HIV-2 Env (green), the TGN
marker TGN46 (red), and tetherin-HA (blue).

FIG. 9. Antagonism and cell surface downregulation of tetherin by HIV-2 in CD4� T-cell lines. (A) Jurkat cells were infected with the indicated
HIV-2 Rod10 virus pseudotyped with VSV-G at an MOI of 0.2. Cell lysates and pellet virions were analyzed by Western blotting 48 h later, and
virus release was quantified as the supernatant p26-CA band intensity, as a percentage of the wild-type control. (B) CEM-G37 cells were infected
with the indicated VSV-G-pseudotyped viral stock at an MOI of 1. Forty-eight hours later cells were stained for surface tetherin expression
and analyzed by flow cytometry. GFP� infected cells were gated, and surface tetherin levels (solid lines) were compared to those of uninfected
CEM-G37 cells (dotted lines). Numbers indicate median fluorescence intensities of surface tetherin on the infected cells. The solid peak in the
upper left histogram represents the binding of the isotype control.
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Rod10 Env on infected CD4� T cells, and both the GYxx�
motif and proper Env maturation are required for this process.

Finally we examined the localization of tetherin in HIV-2-
infected Jurkat cells (Fig. 10). In uninfected Jurkat cells, teth-
erin was detected as a predominantly surface stain. Consistent
with our earlier data in HeLa and HT1080 cells (Fig. 7), in
Jurkat cells infected with HIV-2 Rod10, tetherin appeared to
be relocalized to perinuclear compartments, where it colocal-
ized with Env. Again this relocalization was not observed for
Jurkat cells infected with either HIV-2 Rod10 (CS-), HIV-2
Rod10 (GY-AA), or HIV-1 (Vpu-). In these cells, tetherin
remained visible at the cell surface but often formed striking
patches on the PM, suggestive of accumulation in sheets of
surface-tethered virions that we have observed previously (31).
In cells infected with wild-type HIV-1, tetherin staining was
reduced to background levels, consistent with induction of its
degradation rather than sequestration (data not shown). Thus,
in infected CD4� T cells, HIV-2 Env induces cell surface
downregulation of tetherin and intracellular sequestration sim-
ilar to that seen in adherent cell lines.

DISCUSSION

In this study we showed that the HIV-2 Rod envelope gly-
coprotein is a bona fide tetherin antagonist. Like HIV-1 Vpu
(31, 46) and SIV Nef (16, 51) proteins, HIV-2 Env can stim-
ulate the release of lentiviral particles from tetherin-expressing
cells. This antagonism of particle release restriction appears to
closely correlate with the ability of the HIV-2 Env to mediate
cell surface downregulation of tetherin expression. However,
in contrast to Vpu, expression of HIV-2 Env does not ulti-
mately lead to a reduction in overall cellular tetherin levels.
Rather, tetherin is sequestered away from the cell surface,
predominantly localizing in the TGN. Coupled with coimmu-
noprecipitation studies that indicate that HIV-2 Env interacts
with tetherin, these data suggest a model whereby Env modu-
lates tetherin trafficking or recycling to the PM from the TGN,
thus removing tetherin from the cellular locale where nascent
retroviral particles assemble. Importantly, all of our virological
and cell biology observations of HIV-2 Env’s antitetherin func-
tion could be recapitulated in infected CD4� T-cell lines.

The HIV-2 Rod Env had previously been shown to harbor a
Vpu-like activity, promoting Vpu-negative HIV-1 particle re-
lease from HeLa cells and CD4� T cells (5, 6). The determi-
nants of this effect were multiple and not well defined in the
absence of an identified target. The cytoplasmic tail of HIV/
SIV contains a major tyrosine-based endocytic motif (GYxx�)
in the membrane-proximal region that binds AP-2 and is re-
quired for the rapid clathrin-mediated endocytosis of Env from
the surface of infected cells and its recycling through the Golgi
apparatus (3, 23, 33, 38). This sequence was required to effect

FIG. 10. Intracellular sequestration of tetherin in HIV-2-infected
Jurkat cells. Jurkat cells were infected with the indicated VSV-G-

pseudotyped viral stocks at an MOI of 1. Forty-eight hours later the
cells were allowed to adhere to polylysine-coated coverslips, fixed,
permeabilized, and stained for HIV-2/HIV-1 Env (green) or tetherin
(red) using Alexa 488 and 633 secondary antibodies, respectively. Nu-
clei were counterstained with DAPI (blue), and the cells were exam-
ined by confocal microscopy.
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particle release, while the rest of the cytoplasmic tail was dis-
pensable (1, 32). Here we confirm that HIV-2 Env lacking this
sequence is defective for promoting particle release and is also
unable to promote tetherin downregulation from the cell sur-
face, suggesting that transit of Env via the cell surface is re-
quired to antagonize tetherin. However, this motif, which is
required for SIVmac pathogenesis (12), is conserved across
divergent primate immunodeficiency virus envelope proteins
(40), including those described herein, indicating that it cannot
in itself determine specificity for human tetherin. Moreover,
fusion of a C-terminal fragment of SIVmac1A11 gp41 to the
HIV-2 RodA envelope at a conserved sequence in the C-
terminal heptad repeat domain of gp41 resulted in a chimeric
protein that partially retained tetherin antagonism and pro-
moted its downregulation from the surface. Thus, the GYxx�
sequence in SIVmac1A11 is able to function in tetherin antag-
onism in the context of the HIV-2 Env and, importantly, spec-
ificity for human tetherin must therefore be determined by an
extracellular domain in the HIV-2 Env. These data are further
strengthened by our observation that mutating the furin-like
protease cleavage site between gp105 and gp41 abolishes
HIV-2 RodA Env’s tetherin antagonism and cell surface down-
regulation, suggesting that proper mature envelope conforma-
tion is critical for this function. The N-terminal region of gp41
contains the membrane fusion mechanism and is buried within
the trimer of the surrounding mature SU subunits (37). Due to
this likely occlusion and the high degree of homology between
HIV-2 and SIVmac Envs in this area, we think it less likely that
the N terminus of gp41 contains the determinants for tetherin
specificity. Thus, we suggest that these determinants probably
reside in the highly variable surface subunit, gp105.

The implication of extracellular determinants of tetherin
specificity in the HIV-2 Env suggests that if the proteins di-
rectly interact, the ectodomain of tetherin is the target. Sensi-
tivity of human tetherin to HIV-1 Vpu is determined by the
TM domain (14, 16, 25), whereas SIV Nef proteins target
nonhuman primate tetherins via a (G/D)DIWK motif in the
protein’s cytoplasmic tail (16, 51). Both these areas of tetherin
have been under high positive selection during primate evolu-
tion (14, 25), suggesting that viral countermeasures that target
these domains have exerted considerable evolutionary pres-
sure on tetherin. The extracellular domain of tetherin by con-
trast is more conserved, although sequence analyses do identify
areas in this part of the protein with high positive selection
signatures, particularly around the glycophosphatidylinositol
anchor. The spectrum of primate tetherins that HIV-2 Rod
Env can antagonize remains to be determined, but it is an
interesting notion that if tetherin antagonism by envelope gly-
coproteins were a widespread strategy among mammalian vi-
ruses, these areas might reflect common targets for disrupting
tetherin function.

Our observation that not all human cells can support HIV-2
Env-mediated tetherin antagonism and intracellular sequestra-
tion raises the question of whether additional cellular factors
are required for this effect. Several years ago, the Strebel group
identified a mutant Rod Env (ROD14) that was defective for
promoting virus release (4). Two amino acids were identified
as conferring this phenotype (4); one (A598) within the highly
conserved core of gp41 is invariant in wild-type HIV-2/SIVmac
envelopes and is present in SIVmac1A11, which is unable to

antagonize tetherin. The second (K422R) appeared to dis-
rupt the ROD Env’s ability to promote virus release in H9 T
cells. This polymorphism is common among HIV-2 clade A se-
quences (see http://hiv-web.lanl.gov/content/hiv-db) and is vari-
able between Rod10 and the RodA envelope we have used for
most of this study. Both Rod10 and RodA Envs antagonize
tetherin equivalently in HeLa cells, and neither functions in
293T cells (data not shown), indicating that this position is not
responsible for the cell-type-specific effect we observed. A re-
quirement for additional cellular factors in the HIV-2 Env-
mediated tetherin antagonism is thus a possibility we are in-
terested in exploring further.

Both HIV-1 Vpu (46) and SIVmac Nef (16) have been shown
to downregulate cell surface levels of tetherin. In the case of Vpu,
this downmodulation is accompanied by enhanced degradation of
tetherin. There is controversy as to whether this degradation is
mediated by the 20S proteasome (13, 14) or takes place in an
endolysozomal compartment (10, 26), but it can be readily
observed in several infected cell types (27). By contrast, we
observed that in cells infected with HIV-2 there is little change
in the steady-state levels of tetherin despite the ability of the
envelope to induce cell surface downregulation.

Upon examining cells expressing the HIV-2 RodA Env we
noted that tetherin was relocalized from the surface to perinu-
clear compartments that stained positive for the TGN marker
TGN46 and the envelope protein itself. These data suggest
that reduction of tetherin levels at the PM is a consequence of
the envelope sequestering tetherin in the TGN. Since our
coimmunpreciptation data indicate a physical interaction be-
tween Env and tetherin, this raises the possibility of two sce-
narios. First, since all plasma membrane proteins pass through
the TGN en route to the cell surface, Env may simply inhibit
tetherin trafficking out of the TGN. Second, Env could interact
with tetherin during transit to the PM and either promote its
removal from the surface by endocytosis or prevent the recy-
cling of tetherin. This second scenario is more consistent with
some of the known cell biology of HIV/SIV envelopes and
tetherin. Tetherin has been reported to cycle from the PM to
the TGN via clathrin/AP-2-mediated endocytosis (36). HIV/
SIV envelope proteins are well known to be rapidly endocy-
tosed from the cell surface and recycle via the sorting endo-
some and TGN (3, 23, 33, 38). Mutation of endocytic signals in
the Env cytoplasmic tail increase cell surface envelope levels,
but this has a detrimental effect on virus infectivity, and there
is evidence to suggest that Env-Gag interactions during viral
assembly are regulated through the occlusion of Env endocytic
signals (48). Alternatively, rapid Env endocytosis may mini-
mize surface viral antigen exposure to antibodies and perhaps
be linked to the maturation of Env precursors to gp120/105
and gp41, which is achieved by furin-like proteases, which
themselves recycle between the TGN and the cell surface (28).
Since mutation of the GYxx� signal in the Rod Env cytoplas-
mic tail abolishes its ability to relocalize tetherin from the PM,
and previous data from the Spearman group demonstrated a
requirement for the recycling endosome in Vpu and HIV-2
Env function (47), tetherin trapping in the TGN is likely to
occur after removal from the cell surface, but whether HIV-2
Env actively promotes this removal or whether its own traf-
ficking intersects with tetherin in the endosomal/TGN com-
partments remains to be determined. Furthermore, our obser-
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vation that the CS- mutant of Env still retains the ability to
coimmunoprecipitate with tetherin suggests that this interac-
tion is not sufficient to explain antagonism and sequestration of
tetherin. This suggests that tetherin antagonism/sequestration
is intimately linked to the processing of Env. Furin cleavage
therefore may result in release of mature Env from tetherin.
How such a process might sequester tetherin in the TGN is not
clear, but further studies to identify the determinants of Env
sensitivity in tetherin will likely shed light on this mechanism.
It is interesting that the ability of Vpu to counteract tetherin
has been linked to its localization to the TGN (11), perhaps
suggesting a common mechanism of antagonism that results in
TGN trapping, which is augmented by the induction of degra-
dation in the case of Vpu.

In the HIV-1 Env, the GYxx� also appears to be responsible
for the targeting of the protein to the basolateral surface of
polarized cells (3). Tetherin itself localizes to the apical surface
of similarly polarized cells where it is linked to the underlying
actin cytoskeleton by RICH2 (35). Although the majority of
cellular targets of HIV/SIV are not classically polarized in this
way, it is interesting to speculate that interactions between
HIV-2 Env and tetherin could affect tetherin’s ability to access
virus assembly sites on the plasma membrane. Since HIV
transfer between primary T cells appears to occur via cell-to-
cell contact across a polarized synapse (17), a major mecha-
nism of tetherin antagonism by all the known lentiviral coun-
termeasures may be to disrupt its trafficking to specific areas of
the PM.

Another issue that should be noted is whether cell surface
downregulation and TGN trapping are a cause or a conse-
quence of HIV-2 Env antagonism. It is clear from recent stud-
ies that downregulation of cell surface tetherin levels is insuf-
ficient to explain antagonism of restriction by Vpu, with
mutants of Vpu that cannot modulate tetherin surface levels
still retaining partial function (27, 41). Thus, it is conceivable
that HIV-2 Env may disrupt tetherin function prior cell surface
removal. However, we have yet to find an Env mutant or
chimera that can antagonize tetherin without promoting cell
surface downmodulation that would allow such a discrimina-
tion to be made.

Tetherin has a broad restrictive capability on enveloped vi-
rus particle release (18, 39), and notably, the glycoprotein
spike protein of Ebola virus (EBOV-GP) has tetherin-antag-
onizing activity (20). In this case EBOV-GP needs to be an-
chored to the membrane, but the mucin domains that mediate
the removal of other cell surface proteins (44) appear to be
dispensable (20). Like our observations with HIV-2 RodA
Env, tetherin antagonism by EBOV-GP does not result in a
gross degradation of tetherin (20). However, in contrast to our
data, cleavage of the GP precursor from GP0 to GP1/GP2 is
not required for tetherin antagonism by EBOV. Whether teth-
erin sequestration in the TGN is observed with EBOV-GP is
unknown at present.

Since the Nef proteins of SIVs that lack a vpu gene appear
to govern these viruses’ abilities to antagonize tetherin through
a sequence in the cytoplasmic tail (G/DDIWK) of the protein
that has been deleted sometime after divergence of humans
and chimpanzees (16, 25, 51), antagonism of tetherin restric-
tion by HIV-2 Env raises important questions about the zoo-
notic origins of this virus and its pathogenesis. Originally de-

rived from SIVsm, HIV-2 appears less virulent than HIV-1,
with a higher incidence of long-term nonprogression and an
epidemic limited predominantly to West Africa (9). How wide-
spread is human tetherin antagonism by primary isolates of
HIV-2? Given the powerful restrictive effects of human teth-
erin on SIV replication in culture (16, 51), this may suggest
that upon zoonotic transfer to humans, the HIV-2 Nef was
unable to adapt to human tetherin. Was this sufficient selective
pressure for Env to develop a tetherin-antagonizing function,
or is this attribute more widespread among SIV/HIV enve-
lopes? It is interesting that at least one HIV-1 isolate, AD8,
encodes an envelope that may have Vpu-like function (42).
Given the lack of tetherin degradation we observe with HIV-2
Rod Env, does this mean that it is intrinsically a weaker coun-
termeasure in primary target cells? The importance of tetherin
antagonism in the pathogenesis of primate immunodeficiency
viruses remains to be determined, but the identification of this
attribute associated with three different primate lentiviral pro-
teins (Vpu, Nef, and Env) underscores the potential of this
innate antiviral factor to exert a powerful limiting effect on
HIV/SIV spread in vivo.
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